Purpose The present study was designed to test the hypothesis that long-term treatment with hydrogen-rich saline abated testicular oxidative stress induced by nicotine in mice. Methods The effects of hydrogen-rich saline (6 ml/kg, i.p.), vitamin C (60 mg/kg, i.p.) and vitamin E (100 mg/kg, i.p.) on reproductive system and testicular oxidative levels in nicotinetreated (4.5 mg/kg, s.b.) mice were investigated. Results It was found that vitamin C and vitamin E attenuated serum oxidative level, but did not lower testicular oxidative levels in mice subjected to chronic nicotine treatment, and did not improve the male reproductive damage and apoptosis induced by nicotine. Different from normal antioxidants, vitamin C and vitamin E, hydrogen-rich saline abated oxidative stress in testis, and protected against nicotine-induced male reproductive damages. Conclusion Our results first demonstrated that long-term treatment with hydrogen-rich saline attenuated testicular oxidative level and improved male reproductive function in nicotine-treated mice.
Introduction
An increasing number of studies have demonstrated that there is a detrimental effect of cigarette smoking on spermatogenesis and steroidogenesis [1] [2] [3] [4] . Ultrastructural analysis revealed that in nicotine-treated rats, germ cells and junctional specialization between Sertoli cells were degenerated; collagen fibres under the irregular basal lamina increased; acrosomes were irregular and abnormally configured [5] . Cigarette smoke is a complex mixture of over 3,000 chemicals [6] , among which nicotine is regarded as a major agent mediating the detrimental effects of smoking on male fertility [7] [8] [9] . Nicotine exposure reduces the weight of the testis, the number of spermatocytes and spermatids, and the testosterone levels, probably through its influence on pituitary gonadotropins and testicular antioxidant status, as nicotine is a central nervous system (CNS) depressor that can inhibit the neural stimulus essential for the release of pituitary gonadotropins. Besides, nicotine also contributes to reactive oxygen species (ROS) generation in testis [9] [10] [11] . Therefore, those 2 aspects can be regarded as 2 targets for treatment of male reproductive damages induced by nicotine. Human chorionic gonadoriophin (hCG) supplementation with nicotine has been demonstrated to be effective to prevent degeneration of germs cells to some extent and increase testosterone level significantly. However, whether treatment with antioxidants is protective against male reproductive injuries induced by nicotine is less known.
Recently, hydrogen, a highly flammable gas, exhibits wonderful effect of inhibition of oxidative stress, and protects various organs including brain [12, 13] , intestine [14] , liver [15] and heart [16] against ischemia and reperfusion injury. Different from hydrogen gas, hydrogen-rich saline is safe, economical and easily available, which is also proved to be cardioprotective through the anti-oxidative stress and apoptotic pathways [17] .
Here, we sought to examine the effects of hydrogen-rich saline on the male reproductive dysfunction induced by nicotine. Vitamin C and vitamin E, which were well accepted as natural most effective antioxidants, were used for comparison.
Materials and methods

Animals and study design
Male C57BL/6J mice (4 weeks old) were purchased from the Sino-British SIPPR/BK Lab Animal Ltd. All the animals were entrained to controlled temperature (23-25°C), 12-h light and 12-h dark cycles (light, 08:00-20:00 h; darkness, 20:00-08:00 h), and free access to food and tap water. All the animals used in present study received humane care in compliance with institutional animal care guidelines, and were approved by the Local Institutional Committee. All the surgical and experimental procedures were in accordance with institutional animal care guidelines.
Mice were randomly divided into five groups of 12 animals each and treated as follows: (1) control group (physiological saline, subcutaneous injection volume: 0.5 ml/kg; intraperitoneal injection volume: 6 ml/kg; injected daily in the morning for 3 months); (2) nicotine-treated group (nicotine, 4.5 mg/kg, injection volume: 0.5 ml/kg, subcutaneously injected daily in the morning for 3 months; physiological saline, injection volume: 6 ml/kg, intraperitoneally injected daily in the morning for 3 months); (3) nicotine-treated group with treatment by the Hydrogen-Rich Saline (6 ml/kg, intraperitoneally injected daily in the morning for 3 months); (4) nicotine-treated group with treatment by vitamin C (60 mg/kg, intraperitoneally injected daily in morning for 3 months, injection volume: 6 ml/kg); (5) nicotine-treated group with treatment by vitamin E (100 mg/kg, intraperitoneally injected daily in morning for 3 months, injection volume: 6 ml/kg).
Hydrogen-rich saline production
Hydrogen was dissolved in physiological saline for 6 h under high pressure of 0.4 MPa. The saturated hydrogen saline was regarded as hydrogen-rich saline and stored under atmospheric pressure in an aluminum bag with no dead volume at 4°C. Hydrogen-rich saline was freshly prepared every week to ensure that its concentration was maintained and sterilized by gamma radiation. Gas chromatography was used to confirm the concentration of hydrogen in physiological saline as described by Ohsawa [12] .
Histopathological evaluation
The testicular tissue was fixed in Bouin's solution, post fixed in 70 % alcohol, and embedded in a paraffin block. A 5-μm section was obtained, deparaffinized, and stained with Hematoxylin and Eosin. The operator was blinded to the experimental group during the analysis.
Analysis of epididymal spermatozoa
Each cauda epididymis of male mice was severed at the vassal end and at the border to the corpus epididymis. After weighing, the caudae were transferred into prewarmed PBS and minced into small pieces. After incubation at 34°C for 15 min, released sperm cells were suspended to obtain a homogeneous mixture. Sperm numbers and motility were analyzed under a light microscope.
Assessment of serum and testicular testosterone
Immediately after decapitation, a 2 ml blood sample was collected and serum sample was obtained by centrifugation at 2,000 rpm for 15 min and stored at −20°C for assay within 1 month.
Testes were homogenized according to manufacturer's instructions (Pierce, Rockford, IL). Samples were centrifuged at 10,000 rpm for 10 min; supernatants were collected and stored at −70°C for assay within 2 months.
Serum and testicular samples were used to measure testosterone concentration using a Testosterone Assay kit (R&D Systems, Wiesbaden, Germany). Testicular testosterone content was calculated as ng/ml/mg of testis.
Assessment of oxidative stress markers
Testes were homogenized in T-PER Reagent according to manufacturer's instructions (Pierce, Rockford, IL, USA). Samples were centrifuged to pellet tissue debris.
Malondialdehyde (MDA) content was measured using a MDA Assay kit (Cayman, Ann Arbor, USA) according to the protocol provided with the kit. MDA content in testis was calculated as μmol/mg of protein.
An Amplex Red Hydrogen peroxide/Peroxidase Assay Kit (Molecular Probes, Eugene, Oregon, USA) was used to measure H 2 O 2 levels. Briefly, 5 μM Amplex Red and 15 μg/ml horseradish peroxidase were included in the incubations. H 2 O 2 was detected by the formation of the fluorescent Amplex Red oxidation product resorufin using excitation and emission wavelengths of 563 and 587 nm, respectively. H 2 O 2 level in testis was calculated as nmol/mg of protein.
Protein carbonyl content was determined as described previously [18] . Carbonyl content was calculated as nmol/mg of protein.
Measurement of protein-bound nitrotyrosine content was performed using a Nitrotyrosine Assay Kit (Cayman, Ann Arbor, USA) according to the protocol provided with the kit. Nitrotyrosine content was calculated as pmol/mg of protein.
Determination of caspase-3 activity Caspase-3 activity in the testicular tissues was measured with the colorimetric Caspase assay system (Promega, Madison, WI, USA). Briefly, samples were lysed and centrifuged at 10, 000 rpm for 10 min. The supernatants were collected and the protein concentrations were determined using Bradford Protein Assay. The protein lysates were added to the caspase-3 assay buffer containing 20 mmol/L of caspase-3 substrate Ac-DEVD-pNA and incubated at 37°C for 4 h. Reaction mixtures without testis extract were used as negative controls. Production of the yellow color released from the substrate upon cleavage by caspase-3 was monitored with spectrofluorometry (Hitachi U-1500) at 405 nm.
Statistical analysis
Quantitative data were expressed as mean ± SD. Differences between groups were determined with a one-way ANOVA followed by a Student-Newman-Keuls test. A value of P <0.05 was considered to denote statistical significance.
Results
Effects of treatment with hydrogen-rich saline, vitamin C and vitamin E on the epididymal spermatozoa of nicotine-treated mice
The testes of in control group indicated the presence of normal testicular structure and uniform seminiferous tubular morphology with normal spermatogenesis and the presence of primary and secondary spermatocytes, spermatids, and spermatozoa (Fig. 1a) . In nicotine group, there were seminiferous tubules with severe disruption of the seminiferous epithelium. Treatment with hydrogen-rich saline showed an improved histological appearance. The effect of neither vitamin C nor vitamin E was obvious.
It was found that sperm number (Fig. 1b) and motility (Fig. 1c) , as two of the most important indexes of male reproductive capacity, decreased in nicotine-treated group when compared to control group. Treatment with hydrogen-rich saline resulted in significant elevation of sperm number and motility compared to nicotine-treated group. Nevertheless, treatment with vitamin C and vitamin E increased the sperm number and motility, but not significantly.
Effects of treatment with hydrogen-rich saline, vitamin C and vitamin E on the testosterone levels in nicotine-treated mice It was observed that testicular ( Fig. 2a) and serum (Fig. 2b) testosterone levels, as another important index of male reproductive capacity, decreased in nicotine-treated group compared to control group. Treatment with hydrogen-rich saline significantly increased both testicular and serum testosterone levels compared to nicotine-treated group. Treatment with vitamin C and vitamin E increased testosterone level to some extent, but not significantly.
Effects of treatment with hydrogen-rich saline, vitamin C and vitamin E on the malondialdehyde (MDA) levels in nicotine-treated mice It has been well known that MDA content is a marker of lipid peroxidation. Therefore, the levels of MDA in testicular and serum were determined. Just as shown in Fig. 3 , Testicular (Fig. 3a) and serum (Fig. 3b ) MDA levels were significant Fig. 1 Histopathological evaluation by hematoxylin-eosin staining (a) of testis, and sperm cell counts (b) and motility (c) in epididymis in control and nicotine-treated mice without and with treatment by hydrogen-rich saline, vitamin C and vitamin E. Con: control, Nic: nicotine, Vit C: vitamin C, Vit E: vitamin E, Epi: epididymis. ** P <0.01 vs. control group, §P <0.05 vs. nicotine-treated group. n =12 in each group lower in nicotine-treated group than those in control group. Treatment with vitamin C and vitamin E lowered the serum MDA levels, but did not significantly increase the testicular MDA levels. Treatment with hydrogen-rich saline decreased both testicular and serum MDA levels significantly, which indicated that hydrogen-rich saline was more protective against oxidative stress in testis than vitamin C and vitamin E.
Effects of treatment with hydrogen-rich saline, vitamin C and vitamin E on the testicular H 2 O 2 , nitrotyrosine and protein-carbonyl levels in nicotine-treated mice Testicular levels of H 2 O 2 (Fig. 4a) , one of the ROS secreted by macrophages that were seen closely aligned with Leydig cells in the testicular interstitium, increased in nicotine-treated group compared to control group. Treatment with hydrogen-rich saline and vitamin E significantly decreased the H 2 O 2 level; treatment with vitamin C did not. Testicular nitrotyrosine level (Fig. 4b) (a marker of reactive nitrogen species) and protein carbonyl level (Fig. 4c ) (a biomarker of protein oxidation) were significantly higher in nicotine-treated group compared to control group. Treatment with vitamin C and vitamin E did not influence them significantly, whereas treatment with hydrogenrich saline resulted in a significant reduction of both nitrotyrosine and protein carbonyl levels in testis.
Effects of treatment with hydrogen-rich saline, vitamin C and vitamin E on the testicular caspase-3 activity in nicotine-treated mice
Since we observed that hydrogen-rich saline treatment caused significant increasing in sperm number and motility, we next examined if the protective effects involved reverse of apoptosis. Testicular caspase-3 activity (Fig. 5) , a marker of apoptosis, was higher in nicotine-treated group than it in control group. Treatment with hydrogen-rich saline decreased caspase-3 activity compared to nicotine-treated group; treatment with vitamin C and vitamin E had no significant influence on it. The results indicated that hydrogen-rich saline effectively protected against nicotine-induced damage in testis through anti-apoptotic pathway.
Discussion
The main new findings of the present study are summarized as follows: (1) Nicotine exposure not only reduced epididymal sperm numbers and motility, but also depressed testicular and serum testosterone levels in mice. (2) Nicotine exposure induced oxidative stress and promoted apoptosis in testes of mice. (3) Treatment with hydrogen-rich saline abated oxidative stress, decreased apoptosis, increased sperm numbers and motility and raised testosterone levels in nicotine-treated mice. (4) Compared to vitamin C or vitamin E, hydrogen exhibited more effective to attenuate oxidative levels induced by nicotine in testis. ROS generation induced by nicotine in testis might be one important cause which contributes to decreased sperm counts and motility accompanied with the reduction of plasma and testicular testosterone concentration. The formation of reactive oxygen species in cells leads to the formation of free radicals in metabolic processes. These harmful species cause oxidative damage to many molecules such as lipid, protein and nucleic acid. Many researchers have demonstrated that nicotine contributed to reactive oxygen species production in patients and animals [19] [20] [21] [22] . It is reported that chronic nicotine treatment decreases the cytochrome P450 I.E. and glutathione reductase activities, increases free radical formation and leads to oxidative damage in rats [11, 21, [23] [24] [25] [26] .
In our present study, three kinds of antioxidants including hydrogen-rich saline, vitamin C and vitamin E were used to treat the oxidative damage induced by nicotine in mice. All of them attenuated circulating oxidative levels, but hydrogenrich saline could attenuate testicular oxidative levels in mice exposed to nicotine more effectively. It could be explained by 2 possibilities: (1) Blood-testis barrier, a specialized barrier in the testis, between the interstitial blood compartment and the adluminal compartment of the seminiferous tubules, could stop vitamin C or vitamin E from entering testis. In addition, membrane of mitochondrion, which is one source of ROS, is also a barrier to antioxidants. However, hydrogen, different from normal antioxidants, is electrically neutral and much smaller, so it could easily penetrate blood-testis barrier and enter cells and organelles such as the nucleus and mitochondria. (2) Hydrogen is able to selectively reduce the hydroxyl radical and ONOO-, the most cytotoxic chemicals of ROS, and effectively protect cells, but does not react with other ROS, which possess physiological roles [27] .
The present study did not test the effect of hydrogen on pituitary gonadotropins, because it was reported that hydrogen could penetrate blood-brain barrier and abated oxidative stress in brain, which was our study limitation and required further research.
In conclusion, long-term treatment with hydrogen-rich saline could attenuate testicular oxidative levels and improve male reproductive dysfunction induced by nicotine in mice.
